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FOREWORD 

This  report  was  prepared  by  the  Polymer  Branch  of  the  Nonmetallic  Materials  Division, 
The  work  was  initiated  under  Project  No.  7342,  “Fundamental  Research  on  Macromolecular 
Materials  and  Lubrication  Phenomena,”  Task  No,  734203,  “  Fundamental  Principles  De¬ 
termining  the  Behavior  of  Macromolecules.”  It  was  administered  under  the  direction  of  the 
AF  Materials  Laboratory,  Research  and  Technology  Division,  IstLt  Martin  M.  Tessler, 
project  engineer. 

This  report  covers  work  conducted  from  January  1964  to  December  1964.  The  manuscript 
was  released  by  the  author  in  May  1965  for  publication  as  an  RTD  technical  report. 

This  technical  report  has  been  reviewed  and  is  approved. 


WILLIAM  E,  GIBBS 
Chief,  Polymer  Branch 
Nonmetallic  Materials  Division 
Air  Force  Materials  Laboratory 
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ABSTRACT 

The  random  degradation  of  four  and  six-membered  ring  ladder  polymers  were  investi¬ 
gated  by  means  of  a  digital  computer  and  the  results  compared  to  a  single  chain  polymer 
undergoing  degradation  under  identical  conditions.  The  percent  vaporization  versus  time  and 
the  rate  of  weight  loss  versus  time  was  plotted  and  significant  differences  were  obtained.  The 
results  indicate  that  ladder  polymers  should  have  increased  stability  over  single  chain 
polymers  undergoing  random  degradation. 


iii 


ML-T  DR-84-151 
Part  II 

TABLE  OF  CONTENTS 


INTRODUCTION  . . .  . 

MONTE  CARLO  MODEL  . . .  ,  ,  , 

RESULTS  ,  .  .  .  . . . 

REFERENCES  . . *  .  ,  ,  , . 

APPENDIXES  I  THROUGH  V  -  COMPUTER  PROGRAM  ,  .  . 


PAGE 

,  1 
.  2 
,  4 

.  5 

11-52 


iv 


ML-T  DR-64-151 
Part  II 


ILLUSTRATIONS 


FIGURE  PAGE 

1.  Ladder  Polymer  Model  . . .  2 

2.  Plot  of  Percent  Vaporization  Versus  Time  for  Simple  Case 

Ladder  Polymers  Undergoing  Random  Degradation  ............  6 

3.  Plot  of  Percent  Vaporization  Versus  Time  for  Complex  Case  Ladder 

Polymers  Undergoing  Random  Degradation  . .  7 

4.  Plot  of  Rate  of  Weight  Loss  Versus  Time  for  Simple  Case  Ladder 

Polymers  Undergoing  Random  Degradation  . . . .  8 

5.  Plot  of  Rate  of  Weight  Loss  Versus  Time  for  Complex  Case  Ladder 

Polymers  Undergoing  Random  Degradation  . . .  9 


v 


ML-TDR-64-151 
Part  II 


INTRODUCTION 


Previously  (Reference  1),  the  thermal 
stability  of  a  ladder  polymer  undergoing 
random  degradation  was  compared  with  that 
of  a  single  chain  polymer  by  using  a  digital 
computer  to  set  up  a  statistical  (Monte 
Carlo)  model  of  the  degrading  system,,  The 
change  in  molecular  weight  versus  time  was 
plotted  and  significant  differences  were  found 
in  the  shapes  of  the  curves  for  the  ladder 
polymers  as  compared  to  a  single  chain 
polymer. 

A  common  test  for  thermal  stability  of 
a  polymer  is  to  measure  its  loss  of  weight 
upon  heating.  The  previous  report  (Refer¬ 
ence  1)  studies  the  changes  in  molecular 
weight  of  a  ladder  polymer  under  going  random 
degradation  upon  heating  in  a  closed  system 
where  no  weight  loss  has  occurred.  The 
present  report  discusses  the  random  de¬ 
gradation  of  a  ladder  polymer  in  an  open 
system  where,  upon  heating,  small  mole¬ 
cular  weight  fragments  of  the  polymer  are 
vaporized  out  of  the  system.  Two  types  of 
ladder  polymers  are  studied.  Type  I  is  a 
fused  four-membered  ring  and  Type  II  is  a 
fused  six-membered  ring.  All  of  the  results 
for  a  four-membered  ring  are  equally  ap¬ 
plicable  to  an  eight-membered  ring. 


TYPE  I  TYPE  II 


Initially,  a  simplified  scheme  of  degrada¬ 
tion  was  considered  where  a  broken  bond 
can  break  a  molecule  only  if  the  bond  opposite 
it  is  broken.  The  much  more  realistic 
scheme  of  random  degradation,  where  breaks 
in  the  crosslinks  will  result  in  increased 
molecule  breaks,  was  also  considered.  This 
is  called  the  complex  case  of  degradation. 


The  following  assumptions  were  made  in 
defining  the  degrading  system: 


1.  The  polymer  sample  is  initially  mono- 
disperse;  that  is,  only  chains  of  a  single 
length  are  present. 


2.  All  bonds  in  the  polymer  chain  are 
of  equal  strength  and  accessibility,  re¬ 
gardless  of  the  length  of  the  chain  and  the 
positions  of  the  bonds  in  the  molecule. 


3.  The  rate  of  bonds  breaking  is  pro¬ 
portional  to  the  number  of  unbroken  bonds 
in  the  degrading  system. 

The  simple  and  complex  cases  of  de¬ 
gradation  were  studied  for  Type  I  and  Type 
II  ladder  polymers.  The  percent  vaporiza¬ 
tion  at  time  kt  and  the  rate  of  weight  loss 
at  time  kt  were  calculated  and  compared 
with  a  single  chain  polymer  degrading  under 
identical  conditions.  The  constant,  k,  is  the 
proportionality  constant  between  the  rate 
of  breaking  bonds  and  the  number  of  unbroken 
bonds  in  the  degrading  system.  It  can  only 
be  determined  experimentally,  so  the  time 
factor  is  kt  instead  of  t,  where  t  is  time. 
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MONTE  CARLO  MODEL 


To  construct  a  Monte  Carlo  (Reference 
2)  model  for  the  degradation  reaction,  a 
portion  of  the  computer  storage  is  set  aside 
to  represent  the  polymer  molecules.  Each 
storage  location  represents  one  bond.  If 
a  bond  is  not  broken,  a  zero  is  placed  in 
the  computer  storage  location  corresponding 
to  that  bond. 
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Figure 

1.  Ladder 

Polymer  Model 

In  the  simple  case,  when  a  bond  is  broken 
it  is  set  equal  to  1  and  the  opposite  bond 
checked.  If  the  opposite  bond  is  broken,  both 
bonds  are  set  equal  to  2.  In  the  complex 
case,  when  an  isolated  bond  is  broken  (bond 
3  in  Figure  1),  it  is  set  equal  to  1.  If 
vaporization  occurs  through  the  breaking 
of  adjacent  side  chain  bonds  only  (bonds 
1,  10,  11,  and  3  in  Figure  1  are  broken), 
the  side  chain  bonds  are  set  equal  to  2. 
Since  x  broken  side  chain  bonds  result 
in  x-1  atoms  vaporizing,  all  of  the  broken 
side  chain  bonds  are  set  equal  to  2  except 
the  last  one  so  that  each  bond  which  is  set 
equal  to  2  corresponds  to  a  vaporized  atom. 
If  two  opposite  bonds  are  broken  (bond  2 
and  6  are  broken  in  Figure  1),  they  are  set 
equal  to  3  except  when  a  bond  is  broken  op¬ 
posite  a  bond  which  has  a  number  2  in  its 
storage  location.  The  initial  broken  bond  is 
set  equal  to  3,  but  the  opposite  bond  is  changed 
from  a  2  to  a  5.  If  two  pairs  of  opposite 
broken  bonds  result  in  vaporization  (bonds 
1  and  5  and  bonds  4  and  8  in  Figure  1  are 
broken),  all  of  the  bonds  in  the  vaporized 
fragment  are  set  equal  to  4.  If  any  of  the 
bonds  have  numbers  2  or  5  in  their  storage, 
they  are  also  set  equal  to  4,  but  the  number 
of  vaporized  atoms  is  reduced  by  one.  This 


prevents  the  same  atom  from  being  vaporized 
twice.  If  bonds  1,  5,  10,  and  6  in  Figure  1 
are  broken  and  the  computer  then  breaks 
bond  2,  an  error  will  result  because  only 
one  atom  must  be  vaporized  and  not  two. 
If  the  bond  opposite  the  initial  broken  bond 
has  a  number  of  3,  4,  or  5,  the  computer 
checks  whether  its  adjacent  bond  also  has 
a  number  of  3,  4,  or  5  and  if  it  does,  no 
vaporization  of  that  atom  occurs  (it  has 
been  vaporized  previously).  If  the  opposite 
bond  has  a  number  2  in  it,  it  is  set  equal  to 
5  and  no  vaporization  is  recorded  as  de¬ 
scribed  previously. 

Initially,  all  of  the  storage  locations  are 
set  to  zero.  A  random  number  is  generated 
which  has  the  limits  of  0  to  Bq  -1,  where 

Bq  is  the  total  number  of  bonds  initially 

present  in  the  system.  Each  number  then 
represents  a  particular  bond  in  a  particular 
molecule  and  the  number  of  molecules  and 
the  number  of  bonds  per  molecule  are 
selected  by  the  programmer  and  can  readily 
be  altered.  The  present  study  investigated 
a  system  of  100  molecules  with  199  bonds 
per  molecule  for  ladder  polymer  Type  1 
and  100  molecules  with  196  bonds  per  mole¬ 
cule  for  ladder  polymer  Type  II.  A  single 
chain  polymer  with  the  same  number  of 
bonds  per  molecule  was  degraded  in  the 
computer  for  comparison  purposes. 

When  a  random  number  is  generated,  the 
bond  which  it  represents  is  checked  to  see 
whether  or  not  it  is  broken.  If  it  is  already 
broken,  a  duplicate  is  recorded  and  a  new 
random  number  generated.  If  it  is  not  broken, 
the  bond  is  set  equal  to  one  and  the  opposite 
bond  checked.  If  the  opposite  bond  is  broken, 
in  the  simple  case  both  bonds  are  set  equal 
to  2.  The  computer  then  checks  the  adjacent 
bonds  in  both  directions  until  it  comes  to 
another  pair  of  opposite  bonds  with  a  value 
of  2  or  the  end  of  the  molecule.  The  size 
of  the  fragment  is  measured  and  if  it  con¬ 
tains  ten  atoms  or  less,  vaporization  occurs. 
All  of  the  vaporized  bonds  are  set  equal 
to  2  and  the  concentration  of  unbroken  bonds 
is  adjusted  to  account  for  the  vaporized  bonds. 
The  size  of  the  fragments  which  are  volatile 
is  arbitrary  and  can  be  varied  if  desired. 
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In  the  complex  case,  if  the  opposite  bond 
is  broken,  both  bonds  are  set  equal  to  3 
except  when  the  opposite  bond  has  a  value 
of  2.  The  opposite  bond  is  then  set  equal 
to  5  and  the  original  broken  bond  is  set 
equal  to  3„  The  computer  then  checks  the 
side  chain  bonds  in  both  directions  until 
it  comes  to  another  pair  of  opposite  bonds 
with  a  value  of  3,  4,  or  5  or  until  it  comes 
to  the  end  of  the  molecule.  The  size  of 
the  fragment  is  measured  and  if  it  contains 
ten  atoms  or  less,  vaporization  occurs. 
Before  the  vaporized  bonds  are  set  equal 
to  4,  they  are  checked  to  see  if  their  value 
is  0,  2,  or  5.  The  total  number  of  atoms  in 
the  fragment  minus  the  number  of  bonds 
containing  2  or  5  equals  the  number  of  atoms 
vaporized.  The  number  of  bonds  which  are 
changed  from  0  to  4  is  also  calculated 
and  the  number  of  unbroken  bonds  left  in  the 
system  is  reduced  by  that  number  of  bonds. 

If  no  vaporization  occurs  or  if  the  op¬ 
posite  bond  is  not  broken,  no  further  work 
is  done  in  the  simple  case  and  a  new  random 
number  is  generated.  If  the  opposite  bond 
is  broken  and  no  vaporization  occurs  in  the 
complex  case,  the  crosslinks  are  checked 
to  see  if  broken  crosslinks  can  lead  to  a 
broken  molecule.  The  computer  checks  all 
of  the  crosslinks  to  the  left  and  right  until 
it  either  comes  to  an  unbroken  crosslink  or 
the  last  crosslink  at  the  end  of  the  molecule. 
If  the  computer  finds  an  unbroken  crosslink,  it 
then  scans  all  of  the  side  chain  bonds  on 
both  sides  of  the  ladder  polymer  from  the 
broken  bond  produced  by  the  random  number 
generator  to  the  last  side  chain  bond  before 
the  unbroken  crosslink.  If  a  broken  bond  is 
found  on  the  side  of  the  molecule  opposite 
the  original  broken  bond,  the  computer  treats 


it  exactly  as  described  previously  for  the  case 
of  two  opposite  bonds  breaking.  If  a  broken 
bond  is  found  on  the  side  of  the  molecule 
adjacent  to  the  original  broken  bond  or  if 
all  of  the  crosslinks  to  the  end  of  the 
molecule  are  broken,  the  computer  checks 
to  see  if  the  fragment  contains  ten  or 
less  atoms.  If  it  does,  all  of  the  bonds  are 
set  equal  to  2  and  the  total  number  of 
unbroken  bonds  remaining  in  the  system 
is  reduced  by  the  number  of  bonds  changed 
from  0  to  2.  If  the  opposite  bond  is  not 
broken  in  the  complex  case,  the  computer 
scans  the  crosslinks  and  does  all  of  the 
calculations  previously  described. 

If  the  random  number  generator  produces 
a  bond  which  corresponds  to  a  crosslink, 
no  further  work  is  done  in  the  simple  case. 
In  the  complex  case,  the  computer  checks 
to  see  if  the  broken  crosslink  will  result 
in  a  broken  molecule.  If  it  does,  it  then 
checks  to  see  if  the  fragments  are  small 
enough  to  be  vaporized  and  adjusts  the 
bond  numbers  accordingly. 

The  time  factor  kt  is  equal  to  In  (Bq/B) 

where  Bq  is  the  number  of  bonds  present 

initially  and  B  is  the  number  of  unbroken 
bonds  present  at  time  kt.  The  number  of 
unbroken  bonds  present  at  time  kt  equals  the 
number  of  bonds  present  initially  minus  the 
number  of  random  numbers  generated  plus 
the  number  of  duplicates  recorded  minus  the 
number  of  unbroken  bonds  vaporized  out  of 
the  system.  The  computer  calculates  the 
number  of  atoms  vaporized  out  of  the  system, 
the  percent  vaporization,  and  the  rate  of 
vaporization  at  time  kt  and  prints  out  the 
desired  data  at  convenient  intervals  of  kt. 
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RESULTS 


The  curves  shown  for  the  simple  case 
in  Figure  2  and  the  complex  case  in  Figure 
3  are  based  on  computer  calculations  for 
the  percent  vaporization  versus  kt„  As  the 
degrading  single  chain  polymer  undergoes 
a  much  more  rapid  decrease  in  molecular 
weight  when  compared  to  a  ladder  polymer 
(Reference  1),  we  would  naturally  predict 
that  the  single  chain  polymer  would  also 
lose  weight  at  a  much  faster  rate.  Examina¬ 
tion  of  Figures  2  and  3  shows  quite  clearly 
that  this  prediction  is  correct.  When  10 
percent  of  the  single  chain  polymer  has 
vaporized,  less  than  2  percent  of  the  ladder 
polymer  has  vaporized  in  the  simple  case 
and  less  than  4  percent  in  the  complex 
case.  A  difference  in  the  shapes  of  the 


curves  is  also  readily  apparent.  The  single 
chain  polymer  shows  a  large  initial  loss 
in  weight  during  degradation  while  the  ladder 
polymers  have  an  induction  period  during 
which  the  loss  in  weight  is  very  small. 
As  degradation  proceeds,  the  shapes  of  the 
curves  become  identical  and  merge  together. 
The  curves  for  the  rate  of  weight  loss  versus 
kt  are  shown  in  Figure  4  for  the  single  case 
and  in  Figure  5  for  the  complex  case.  The 
very  large  initial  rate  of  weight  loss  for  a 
single  chain  polymer  as  compared  to  a 
ladder  polymer  is  the  major  point  of  interest 
of  these  curves.  These  results  indicate  that 
the  ladder  polymers  should  have  increased 
thermal  stability  over  single  chain  polymers. 
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Figure  3.  Plot  of  Percent  Vaporization  Versus  Time  for  Complex  Case  Ladder 
Polymers  Undergoing  Random  Degradation. 
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Figure  4„  Plot  of  Rate  of  Weight  Loss  Versus  Time  for  Simple  Case  Ladder 
Polymers  Undergoing  Random  Degradation. 


Figure  5.  Plot  of  Hate  of  Weight  Loss  Versus  Time  for  Complex  Case  Ladder 
Polymers  Undergoing  Random  Degradation. 
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